Free-flow micropuncture experiments were performed to examine ammonia transport separately in early and late proximal convoluted tubule (PCT) of the rat. In control rats, ammonia was secreted along the early PCT but was reabsorbed along the late PCT. In rats with chronic metabolic acidosis, ammonia secretion along the early PCI was increased compared with controls, and ammonia absorption by the late PCT was converted to small net ammonia secretion. In the acidotic rats, ammonia secretion rate in the early PCT was six times higher than that in the late PCT. Thus, most or all of ammonia secretion by the PCI occurred along its early portion. In control and acidotic rats, luminal NH3 concentration in the early PCT was significantly higher than that in the late PCI, indicating that ammonia is not in diffusion equilibrium throughout the renal cortex. It is proposed that differences in ammonia transport rate in early vs. late PCI? may be due to differences in ammonia production rate and/or to differences in the rate of an ammonia backflux that detracts from net ammonia secretion.
Introduction
The regulation ofplasma bicarbonate concentration and systemic arterial pH depends critically on the ability of the kidneys to produce and excrete ammonia' (1, 2) . The proximal tubule has been identified as the principal site ofrenal ammonia production as well as an important site of ammonia secretion. Direct measurements of ammonia production by defined segments of the rat nephron have shown that all segments of the proximal tubule produce ammonia from glutamine and that the bulk of renal ammonia production occurs in the proximal tubules (3) . In addition, results of micropuncture studies have shown that the amount ofammonia delivered to the end ofthe superficial prox- 1 . In this paper, the terms ammonia and total ammonia indicate the sum ofNH3 and NH'. NH3 indicates free-base ammonia; NH' indicates ammonium ion. ammonium ion.
imal convoluted tubule (PCT)2 exceeds the amount ofammonia that is filtered and can account for up to 100% of the ammonia excreted in the final urine (4) (5) (6) (7) . Because of such observations, it has generally been assumed that ammonia secretion occurs uniformly along the length of the proximal tubule. Little or no direct information is available, however, regarding rates of ammonia transport by different portions of the proximal tubule in vivo. The purpose of the present experiments, therefore, was to evaluate ammonia transport separately in the early and late PCT of the rat. Our aims were to compare ammonia transport rates in the early and late PCT of normal rats and to examine the effect of chronic metabolic acidosis on ammonia transport by early and late PCT segments.
Methods
Male mutant Munich-Wistar rats (100-240 g) received commercial rat chow (Ralston Purina Co., St. Louis, MO) and drank tap water (controls) or 0.28 M NH4Cl (chronic metabolic acidosis) for 4-15 d before experiments. The rats were anesthetized by intraperitoneal injection of 100 mg/kg body wt Inactin (Byk-Gulden, Konstanz, Federal Republic of Germany) and placed on a thermostatically controlled (370C) table. A tracheostomy was performed and the left jugular vein was cannulated for infusion of physiological saline and administration of supplementary anesthesia, if necessary. The left femoral artery was cannulated to monitor blood pressure and for collection of arterial blood samples. The left kidney was exposed by a flank incision and prepared for micropuncture of the renal cortex as previously described (8) (9) (10) .
To replace surgical fluid losses, control rats received saline-bicarbonate (120 mM NaCl, 25 mM NaHCO3, and 4 mM KCI) equal to 1% body wt in 15 min. This solution was then infused at 1% body wt/h for the remainder of the experiment. Acidotic rats were infused identically with 140 mM NaCI and 4 mM KCI. In all experiments in which ammonia transport rates were measured and in some experiments in which NH3
concentrations were determined, [methoxy-3H]inulin was added to the infusion solution and administered at a rate of 190 ,Ci/h. Arterial blood acid-base status was carefully monitored and maintained as previously described (10) . Urine from both kidneys was collected via a bladder catheter for determination of glomerular filtration rate and ammonia excretion rates.
Clearance periods and proximal tubule micropuncture were begun -1 h after the start of the inulin infusion. Proximal tubules possessing several surface convolutions were identified by injecting dyed NaCl solution into random proximal segments. Two series of experiments were performed. In the first series, total ammonia transport rates were determined separately for the early and late PCT. This was accomplished by collecting paired samples of tubule fluid from an early and late segment ofthe same PCT. Tubule fluid samples were collected for timed intervals (2.5-6 min) using sharpened 8-10-,gm OD glass pipettes as previously described (8, 9) . In each tubule, the late proximal segment was punctured before the early proximal segment to prevent leakage of tubule fluid. In a second series of experiments, luminal NH3 concentrations were determined by making paired measurements oftotal ammonia concentration and in situ pH at early and late PCT sites. At the end of experiments in both series, tubules were injected with latex for determination of tubule length between early and late proximal puncture sites. Analysis. Blood acid-base values and urine pH were measured using a blood-gas analyzer (Corning Medical, Corning Glass Works, Medfield, MA). Urine volumes were determined by weighing. Tubule fluid sample volumes were measured in a calibrated constant-bore tube. Radioactivity of inulin in tubule fluid, arterial plasma and urine was measured by liquid scintillation counting (Packard Instrument Co. Inc., United Technologies, Downers Grove, IL) using Aquasol (New England Nuclear, Boston, MA).
Total ammonia concentrations in tubule fluid, arterial plasma, and urine were measured by microfluorometry using the glutamate dehydrogenase reaction as previously described (11, 12). The method is highly specifit and permits experimental samples to be measured immediately after collection with no prior processing. Ammonia added to plasma or urine is recovered completely (11, 12). For the sample volume used in these experiments (10 ni), the method is able to resolve differences of -0.05 mM between samples for the range 0. In situ pH in early and late PCT segments was measured using singlebarreled glass-membrane microelectrodes as previously described (13) . In experiments in which luminal NH3 concentrations were determined, pH and total ammonia concentration always were measured in the same PCT segment. Because pH electrodes tend to make a larger hole in tubule segments than collection pipettes, pH values always were measured after tubule fluid samples were collected. To be certain that the pH measurements were not influenced by this procedure, pH was measured in acidotic rats in early and late PCT segments that had not previously been punctured with a collection pipette. Mean pH measured at early (7.04±0.04, n = 19) and late (6.57±0.02, n = 19) proximal sites in these tubules did not differ from values measured in tubules that had previously been punctured with fluid collection pipettes (Table III) Results Table I shows blood acid-base values and whole kidney data for all rats. Glomerular filtration rate did not differ in control and acidotic rats. Arterial blood pH, arterial blood bicarbonate concentration, and urine pH were reduced in the acidotic rats. Urine total ammonia concentration, total ammonia excretion rate, and plasma total ammonia concentration were increased in the acidotic rats. Mean body weight at the time ofexperiments did not differ in the two groups (control, 169±5 g; acidosis 180±12 g).
Total ammonia transport rates in early and late PCT. Total ammonia transport rates were measured in 10 control and 10 acidotic rats. Table II ). The total ammonia concentration in both early and late proximal tubule fluid was higher in the acidotic rats than in controls (Table II) . In both groups of rats, the TF/P inulin ratio increased and the tubule fluid flow rate decreased between early and late proximal tubule sites (Table II) . Net fluid absorption rate between early and late proximal sites averaged 6-8 nl/ min. TF/P inulin ratios, tubule fluid flow rates, and single nephron glomerular filtration rate did not differ in control and acidotic rats (Table II) . The tubule length measured between early and late proximal puncture sites averaged 2.5±0.1 mm (range 1.5 to 3.7 mm) and did not differ in the two groups of rats. The total length ofthe accessible PCT in Munich-Wistar rats averages 4.8 mm (14, 15) . Thus, tubule length between glomerulus and early proximal puncture site was, on average, 2.3 mm. Table II show absolute rates of total ammonia filtration and rates of total ammonia delivery to early and late proximal tubule sites. In both control and acidotic rats, delivery to the early proximal site exceeded the rate at which ammonia was filtered, indicating net ammonia secretion along the early PCT. In both groups of rats, however, delivery to the late proximal site differed relatively little from delivery to the early proximal site (Fig. 2 , Table II ). In control rats, late proximal delivery was slightly but significantly less than early proximal delivery, indicating small net ammonia absorption. In acidotic rats, ammonia delivery to the late proximal site was slightly greater than delivery to the early proximal site, but the rate of ammonia secretion was small compared with the rate observed along the early PCT. These results indicate that most or all of ammonia secretion by the PCT occurs along its early portion. This is illustrated directly by the absolute total ammonia transport rates summarized in Fig. 3 . In control and acidotic rats, there was net secretion of total ammonia along the early PCT. (Fig. 3) . In the late PCT, net total ammonia absorption in controls (2.3±0.3 pmol/min) was converted to net total ammonia secretion (-2.1±0.8 pmol/min) during acidosis (Fig. 3) . In the acidotic rats, the rate of ammonia secretion along the late PCT was considerably less than secretion along the early PCT (Fig. 3) .
NH3 concentrations in early and late PCT NH3 concentrations were determined in PCTs in five control and five acidotic rats. The results are shown in Table III (mean values) and Fig.  4 (individual data). Total ammonia concentrations in tubule fluid (Table III) were similar to values obtained in the ammonia transport studies (Table II) . pH in the late PCT was less than that in the early PCT in both groups ofrats (Table III) . In control and acidotic rats, NH3 concentration in the early PCT was significantly greater than that in the late PCT (Fig. 4) . NH3 concentration in the early and late PCT was greater in acidotic rats than in controls (Table III) . NH3 concentration determined in arterial blood averaged 1.6±0.1 AM and did not differ in control and acidotic rats (Table III) . This value is considerably less than the mean NH3 concentrations of 7.0 and 9.6 ,uM determined in the early PCT (Table III) .
In experiments in which NH3 concentrations were determined, mean tubule length between early and late proximal sites averaged 2.2±0.2 mm and did not differ in control and acidotic rats. TF/P inulin ratios for early (1.7±0.1) and late (2.3±0.1) proximal sites and single nephron glomerular filtration rate (31.9±1.9 nl/min) were determined in the 10 tubules studied in acidotic rats. These values were similar to values obtained in the ammonia transport studies (Table II) . (Fig. 3 ). In rats with chronic metabolic acidosis, ammonia secretion along the early PCT is increased compared with controls and ammonia absorption by the late PCT is converted to net ammonia secretion (Fig. 3) . In acidotic rats, the total ammonia secretion rate along the early PCT was approximately six times that observed along the late PCT (Fig.  3) (18) . A second variable that would contribute to higher ammonia production in the early PCT is a higher concentration ofglutamine in the tubule lumen. In vitro microperfusion studies have shown that adding glutamine to the luminal perfusate greatly increases total ammonia production and secretion in proximal convoluted and proximal straight tubules (19). Absorption ofglutamine in vivo is so rapid, however, that virtually all of filtered glutamine is reabsorbed within the first 1-2 mm ofthe PCT (20) . As a result, the luminal glutamine concentration in fluid delivered to the late PCT is extremely low (0.06 vs. 0.6 mM in glomerular filtrate) (20) . Thus, high luminal glutamine concentrations would stimulate ammonia production and secretion along the early PCT, whereas a near absence of luminal glutamine could limit production along the late PCT. Finally, a third variable that could affect ammonia production is luminal flow rate. Flow rate in the late PCT is considerably less than that in the early PCT in vivo (Table II) . Decreases in luminal flow rate have been shown to reduce total ammonia production by proximal tubule segments, even in the absence of luminal glutamine (19).
All three ofthe variables outlined above could contribute to a reduced rate ofammonia production in the late PCT ofcontrol rats. In tubules from rats with chronic metabolic acidosis, the ammonia production rate measured in vitro is similar in S-1 and S-2 segments (3); however, low luminal glutamine levels and a low luminal flow rate may still act to limit ammonia production in the late PCT during acidosis. Because the rate of cellular production is an important determinant of the rate of proximal tubule ammonia secretion (3, 6, 7, 16, 19, 21, 34) , it is likely that relatively high rates of ammonia production contribute to high rates of ammonia secretion in the early PCT, whereas lower rates ofproduction may explain, in part, the finding that ammonia secretion is low or absent along the late PCT.
Role ofluminal ammonia concentration. Another important factor that may limit ammonia secretion along the late PCT is the presence of high concentrations of ammonia in the tubule lumen. The ammonia concentration in fluid delivered to the early PCT (i.e., in the glomerular filtrate) is relatively low and is presumably similar to that in arterial plasma (- 0.1 mM) . The low luminal ammonia concentration would facilitate early proximal ammonia secretion because the secretion initially proceeds against little or no transepithelial ammonia concentration gradient. In contrast, luminal ammonia concentrations in fluid delivered to the late PCT are higher (0.4-0.8 mM, Table II) because high rates ofammonia secretion along the early proximal segment rapidly raise luminal NH' and NH3 concentrations to values well above concentrations in arterial blood (Tables I and   II , Fig. 4) . As a result, ammonia secretion by the late proximal segment must proceed against substantial transepithelial NH4 and NH3 concentration gradients that are not present at the beginning ofthe early proximal segment. Ifa unidirectional flux of ammonia (NH+ and/or NH3) from lumen to cell, or from lumen to intercellular space, normally moderates the rate of net total ammonia secretion, then the higher average luminal ammonia concentration along the late PCT would be expected to reduce net ammonia secretion by promoting an increase in ammonia backflux. In contrast, in the early PCT, low concentrations of ammonia in the glomerular filtrate would tend to limit ammonia backflux and promote net ammonia secretion. Differences in total ammonia transport rate between the early and late PCT may be due, therefore, to differences in the rate of ammonia backflux that detracts from net secretion. In the late PCT of control rats, the rate of cellular ammonia production and secretion apparently is not sufficient to overcome the net ammonia efflux from lumen to blood and net total ammonia absorption is observed (Fig. 3) . During chronic metabolic acidosis, ammonia production by the late PCT (S-2) is greatly increased (3) and the ammonia secretory flux is sufficient to overcome the net ammonia backflux. As a result, total ammonia concentration rises along the late PCT and small net secretion is observed (Figs. 1  and 3 ).
Although complete information on pathways of ammonia transport in the PCT is not yet available, it is reasonable to assume that passive diffusion of NWt would contribute to the net efflux of total ammonia from lumen to blood. A substantial NH' backflux was demonstrated recently in isolated proximal straight tubules from rabbits (22) . To determine whether a backflux ofNH' could materially affect net total ammonia transport in our experiments, rates ofNH' diffusion from lumen to blood were estimated for the late PCT. Using an NH' permeability of 4.5 X 1-0 cm/s (22), a tubule diameter of 20 ,m and total ammonia concentrations in lumen and blood measured in the present study (Tables I and II) , the calculated net diffusive flux of NH' from lumen to blood in late PCT would be 0.6 pmol/ min per mm for control rats and 1.8 pmoVmin per mm in acidotic rats.4 For the total length of late PCT studied (2.5 mm), the net efflux of NH' would be 1.5 pmol/min in controls and 4.5 pmol/min in acidosis. Because these rates are similar to or greater than the net total ammonia transport rates measured in the late PCT (Fig. 3) , it appears that NHI? backflux would be an important determinant of net total ammonia transport rate and that such a backflux could limit or prevent net ammonia secretion along the late PCT in vivo.
Proximal tubule NH3 concentrations. Differences in total ammonia transport rate also were associated with differences in luminal NH3 concentration. In both control and acidotic rats, NH3 concentration in the early PCT was approximately twice that determined in the late PCT (Table III, Fig. 4 ). Because the early and late PCT values differ, the NH3 concentration in at least one of the segments presumably differs from the NH3 concentration in renal cortical blood. We believe it is likely that the NH3 concentration in the early PCT is above that in cortical blood. Luminal NH3 concentration in the early PCT in acidosis 4 . The net diffusive flux of NH' from lumen to blood (JNH4 pmol/min per mm) was calculated as JNH+ = A PNH+ ACN4+, where P4+ is permeability to NH+ (in centimeters per second), ACNH+ is the arithmetic mean transepithelial NH' concentration difference (in millimoles per liter), and A is surface area of the epithelium, assumed to be 6.1 X 10-4 cm2/mm (20 was 9.6 ,M, a value six times greater than the NH3 concentration determined in arterial plasma (1.6 ,M). Ifthe NH3 concentration in cortical blood was identical to that in the early PCT, the total ammonia concentration in cortical blood in acidosis would exceed 0.6 mM (assuming blood pH = 7.22, Table I ). This value is considerably higher than total ammonia concentrations in rat renal venous blood (23, 24) . It is possible that cellular ammonia production coupled with vascular-vascular exchange could elevate renal cortical NH3 concentrations to values above renal venous values, as is observed for CO2 (25, 26) . However, this effect would be unlikely to elevate cortical NH3 concentration above systemic blood by > 60-70% (26) , whereas an increase of as much as 500% would be required for renal blood to be equilibrated with the NH3 concentration in the early PCT (Fig.  4) . Whether NH3 concentrations in the late PCT differ from concentrations in stellate vessel and peritubular capillary blood remains to be determined.
The conclusion that luminal NH3 concentration in the early PCT exceeds that in renal cortical blood also is consistent with recent studies on isolated mouse proximal tubules. Nagami and Kurokawa (19) measured ammonia production and secretion by proximal tubule segments that were perfused and bathed in vitro with solutions that were initially ammonia free. Although ammonia produced by the tubule cells was secreted into both the luminal and bathing solutions, the total ammonia concentration in fluid exiting the tubule lumen was 300 times that measured in the bath. Because the proximal tubule can lower lumen pH by, at most, 1.0 U (27) , the lumen-to-bath NHI? concentration ratio could not exceed 10 if the NH3 concentration in bath and lumen were identical. Because luminal NHZ concentration exceeded that in the bath by 300-fold, the luminal NH3 concentration also greatly exceeded that in the bath. This observation, coupled with our finding that luminal NH3 concentration in the early PCT exceeds that expected for renal cortical blood, indicates that the proximal tubule is able to generate and maintain a concentration gradient for NH3 across its tubule wall. These results are consistent with the presence of a specialized process that mediates preferential addition of synthesized ammonia to the proximal tubule lumen. Some of the possible mechanisms that may be involved in this transfer process have been discussed previously (16, 19) .
The presence of high luminal NH3 concentrations in the early PCT also could provide an additional explanation for the limited rate of ammonia secretion observed along the late PCT. If the luminal NH3 concentration generated in the early PCT was similar to the NH3 concentration in cells of the late PCT, net diffusion of NH3 from cell to lumen would be impaired. If the luminal NH3 concentration were to exceed intracellular NH3 concentration, then net diffusion of NH3 from lumen to cell, or from lumen to blood, could result. Such a process could contribute to net absorption of ammonia along the late PCT in control rats.5 The finding that luminal NH3 concentration falls along the late PCT (Fig. 4) indicates that the transepithelial NH3 5 . The estimated net diffusive flux of NH3 from lumen to blood for the late PCT would be 2.1 pmol/min per mm in control rats and 3.3 pmol/ min per mm in acidosis (JNH3 = A PNH3 ACN3, where PN3 = 1.5 X 10-2 cm/s (22) , AC is arithmetic mean transepithelial concentration gradient, and A is epithelial surface area (20 gm diameter). These rates are comparable to net total ammonia transport rates (Fig. 3) , indicating that NH3 backflux could limit or prevent net ammonia secretion by the late PCT in vivo.
concentration gradients generated in the early proximal segment are not maintained along the late proximal segment. Two possible explanations for this finding are a difference in NH3 permeability or a difference in intracellular NH3 concentration in early and late proximal segments. Whether cellular NH3 concentrations differ in the early and late PCT has not been determined. It is conceivable, however, that intracellular NH3 concentration in the early PCT could exceed that in the late PCT because of a higher intrinsic rate of ammonia production or because ofa higher intracellular pH, the latter due to the higher acid secretion rate known to exist in the early proximal segment (14) .
Relation to previous studies. The observation that luminal NH3 concentration differs in the early and late PCT is in contrast to the generally accepted view that NH3 is in diffusion equilibrium throughout the renal cortex (1, 28 
